59.5 %, respectively. The major fatty acids of the three strains were iso-C 15 : 0 , iso-C 16 : 0 and iso-C 17 : 0 and the predominant respiratory lipoquinone was ubiquinone-8. All of the physiological, phylogenetic and chemotaxonomic data showed that strains DHOB09
T , DHOC52 T and DHON07 T are distinctive from each other and from all species of the genus Dyella with validly published names. Therefore, we suggest that they represent three novel species of the genus, for which the names The genus Dyella was established by Xie and Yokota [1] based on the bacterial strain, XD53 T , which was isolated from garden soil, and was described as the type strain of Dyella japonica, the type species of the genus Dyella [1] . At the time of writing, there are another 13 species of the genus Dyella with validly published names: Dyella koreensis [2] , Dyella kyungheensis [3] , Dyella ginsengisoli [4] , Dyella jiangningensis [5] , Dyella marensis [6] , Dyella soli [7] , Dyella terrae [7] , Dyella thiooxydans [8] , Dyella jejuensis [9] , Dyella humi [10] , Dyella acidisoli, Dyella flagellata and Dyella nitratireducens [11] . Members of the genus Dyella are characterized by being: Gram-stain-negative, aerobic, rodshaped cells; having ubiquinone-8 as the respiratory quinone and iso-C 15 : 0 , iso-C 16 : 0 and iso-C 17 : 1 !9c as the major fatty acids; GC contents are in the range of 58.2-67.0 mol%. Most of the species of Dyella reported have been isolated from soil, but their ecological roles are poorly understood. It has been reported that D. ginsengisoli LA-4 could utilize biphenyl as the sole carbon source and degrade 500 mg l
À1
biphenyl within 40 h, suggesting that it could be used for the bioremediation of soil and of wastewater contaminated by biphenyl [12] .
Dinghushan Biosphere Reserve (DHSBR), is located at Guangdong Province, PR China (112 31¢ E 23 10¢ N). Surveys of soil microbes in DHSBR using the traditional Petridish protocol have resulted in the recovery of thousands of bacterial isolates. The aim of present study was to determine the taxonomic position of three of these strains, DHOB09
T , DHOC52
T and DHON07 T , using a polyphasic approach.
Soil samples were collected from the upper layer (0-25 cm) of the forest soil of DHSBR. For the isolation of strains, the soil sample was thoroughly suspended with 100 mM phosphate buffered saline (pH 7.0) and the suspensions were diluted 1/10 three times and then plated on MM1F medium (0 extract, 0.5 g fructose, 15 g agar in 1 litre of distilled water, pH 5.0). The cultures were incubated at 28 C for one week and the single colonies obtained were purified by sub-culturing two to three times on MM1F medium and they were then stored at À80 C in 25 % (v/v) glycerol.
Cell morphology of strains DHOB09 T , DHOC52 T and DHON07
T was observed with a light microscope (Nikon Eclipse Ni-U, Â1000) and a transmission electron microscope (JEM-1400) with cells grown for up to 4 days at 28 C on R2A agar. For TEM observation, cells grown on R2A agar at 28 C for 4 days and suspended in physiological saline were placed on a copper grid, negatively stained with 0.5 % (w/v) uranyl acetate and observed with a JEM-100CX-IITransmission Electron Microscope. Gram staining was performed by using the standard method [13] . To determine the best medium for each of the bacterial strains obtained, growth on nutrient agar (HKM), , pH 3-10 (at 0.5 intervals) and NaCl concentrations of 0-5 % (w/v) (at 0.5 % intervals) were also determined by measuring the OD 600 of cultures in R2B medium at 28 C for 4 days (except for culture temperatures 4 and 10 C, where growth was determined by observing the development of colonies on R2A agar for 2 weeks). Motility and anaerobic growth were tested by observing the growth of bacteria inoculated by piercing them into a semi-solid (0.3 % agar) R2A agar medium in a test tube.
Catalase activity was determined by assessing bubble production in 3 % (v/v) H 2 O 2 and oxidase activity was detected using 1 % (w/v) tetramethyl-p-phenylenediamine. Degradation of DNA (DNase activity) was tested using DNase agar (Scharlau) and flooding plates with 1 M HCl; results were evaluated after 4 days of incubation at 28 C. The hydrolysis of casein, starch [14] , Tween 80 and Tween 20 [15] was also assessed after 4 days of incubation at 28 C. The assimilation of single carbon sources, enzyme activities and other physiological and biochemical characteristics were tested using the API ZYM, API 20 NE and API 50 CHB/E galleries (bio-M erieux), according to the manufacturer's instructions. The antibiotic sensitivity of the three strains was tested using the agar-diffusion method. Paper discs containing amikacin (30 µg), chloramphenicol (30 µg), ciprofloxacin (5 µg), erythromycin (15 µg), gentamicin (10 µg), kanamycin (30 µg), natilmicin (30 µg), novobiocin (5 µg), penicillin (10 IU), polymyxin (300 U), streptomycin (10 µg), tetracycline (30 µg), tobramycin (10 µg) and vancomycin (30 µg) were plated on R2A agar, which had been pre-inoculated with 0.5 McFarland bacterial suspensions and cultured at 28 C for 4 days. Antimicrobial susceptibility was determined by measuring the zone of inhibition. It was considered sensitive to an antibiotic when the diameter of inhibition was greater than 11 mm.
Cell biomass of strains DHOB09 T , DHOC52 T and DHON07 T for chemotaxonomic analyses was obtained from cultures grown on R2A plates for 4 days at 28
C. The growth of the bacteria was determined by monitoring the bacterial density using a spectrophotometer at a wavelength of 600 nm after 4 days of incubation in R2A medium. For fatty acid analysis, 40 mg bacterial cells were harvested from cultures grown on R2A plates for 4 days at 28 C and the fatty acid methyl esters were obtained by saponification, methylation and extraction using the method of Kuykendall et al [16] . The fatty acid methyl ester mixtures were separated by GC and determined using the Sherlock Microbial Identification System (MIS) (MIDI, Microbial ID, Newark, DE 19711 USA). Respiratory lipoquinones were separated by HPLC [17] and analysed as described by Minnikin et al [18] . Polar lipids were extracted and identified by twodimensional TLC using procedures previously described by Minnikin et al [18] . Molybdophosphoric acid was used to detect all lipids, ninhydrin reagent for lipids containing free amino groups, molybdenum blue reagent for phosphoruscontaining lipids and a-naphthol reagent for glycolipids.
Strains DHOB09
T , DHOC52 T and DHON07 T exhibited a range of phenotypic properties that were typical of members of the genus Dyella [9] . They were all Gram-stain-negative, aerobic, rod shaped cells. Colonies were yellow and convex after 4 days incubation at 28 C on R2A agar. DHON07
T was motile with one polar flagellum, while DHOB09 T and DHOC52
T were non-motile ( Fig. S1 , available in the online Supplementary Material). Tests on the growth of the three strains on the six media examined showed that they all grew well on nutrient, tryptic soy and R2A agar, but not LuriaBertani or MacConkey agar, and R2A agar provided the optimal nutrition for all three strains. Strains DHOB09 T and DHOC52
T grew at 10-42 C, with optima at 25-28 and 28 C, respectively. Strain DHON07 T grew at 10-37 C with an optimum at 25-28 C. Growth was observed at pH values of 5.5-9.0, 3.0-7.0 and 4.0-7.5, with optima at 7.0-7.5, 4.0-6.5 and 5.5-6.0 for DHOB09 T , DHOC52 T and DHON07 T , respectively (Table 1) . Strains DHOC52
T and DHON07 T did not grow at NaCl concentrations higher than 2.0 and 2.5 % (w/v), respectively, while strain DHOB09 T had a high NaCl tolerance of 4.0 % (w/v). Strains DHOC52 T and DHON07
T were able to hydrolyse Tween 20, but DHOB09 T was not. Strains DHOB09 T and DHON07 T were able to hydrolyse casein, but strain DHOC52 T was not. None of the three strains could hydrolyse starch. Capsules were not observed for any of the three novel strains after staining with safranine and ink. The detailed physiological and biochemical characteristics of strains DHOB09
T and DHON07 T are given in Table 1 . Of the 14 antibiotics tested, the three strains were all resistant to Penicillin G, Chloramphenicol, Erythromycin and Tetracycline, but sensitive to the other 10 antibiotics tested, except that 
DHOB09
T and DHON07 T were also resistant to Ciprofloxacin.
The cellular fatty acid profiles of isolates DHOB09
T and DHON07 T and related strains are presented in Table 2 . The major fatty acids in strains DHOB09
T and DHON07 T were iso-C 15 : 0 (18.6-21.4 %), iso-C 16 : 0 (11.6-25.2 %) and iso-C 17 : 1 !9c (13.1-15.0 %). Similar fatty acid profiles were observed in other species of the genus Dyella, suggesting the affiliation of these three strains to the genus of Dyella. However, the presence of some unique fatty acids [such as C 14 : 0 (2.0 %) and C 18 : 0 3-OH (5.3 %) in DHON07
T and iso-C 14 : 0 (1.7 %) in DHOC52 T ] and significant differences in compositions (such as 25, 5.1 and 11.1 % of iso-C 16 : 0 for DHOC52 T , D. koreensis and D. marensis, respectively) distinguished them from each other. The respiratory lipoquinone of strains DHOB09
T and DHON07 T was ubiquinone-8, which is the same as for other species of the genus Dyella with validly published names. The major polar lipids of strains DHOB09
T , DHOC52 T and DHON07 T were phosphatidylethanolamine (PE), phosphatidylmethylethanolamine (PME), diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), several unidentified aminophospholipids (APLs) and phospholipids (PLs), similarly to other members of the genus Dyella (Fig. S2) . However, the absence of DPG in DHOC52
T and APL3 in DHON07 T distinguished each from the other two novel strains.
For phylogenetic analysis, genomic DNA of the three strains was prepared using a commercial genomic DNA-extraction kit (GeneStar) and used as templates for PCR amplifications. The universal primers, 27F and 1492R [19] , and three pairs of primers reported by Chen et al. [11] were used for the amplification of the 16S rRNA and partial gyrB, lepA and recA genes, respectively. The amplifications were performed using 2 µl of genomic DNA in 25 µl reaction mixture containing Â1 PCR buffer (Qiagen), 1 U Taq polymerase (Genstar), 250 mM each dNTP (Genstar), and 149 and 1 mM of each primer. The sequences of 16S rRNA and the partial gyrB, lepA and recA genes of the tree strains obtained were submitted to GenBank (Table S1 ). The MEGA5 program was used to reconstruct phylogenetic trees, based on 16S rRNA gene sequences and the concatenated partial gyrB, lepA and recA gene sequences, by means of the neighbourjoining (NJ), maximum-likelihood (ML) and minimumparsimony (MP) methods [20] . The robustness of the topology of each resulting trees was evaluated by bootstrap analyses based on 1000 replications. The similarity and pairwise distance values were calculated using MegAlign software (DNASTAR). The G+C content was determined as described by Mesbah et al. [21] using reversed-phase HPLC. DNA-DNA hybridizations were studied using the fluorometric micro-well method [22, 23] , with eight replications for each hybridization reaction.
The analysis of 16S rRNA gene sequences showed that the topologies of phylogenetic trees generated by ML (Fig. 1) , NJ and MP were very similar. They consistently showed (Table S2 ). The evolutionary distances between strains DHOB09 T , DHOC52 T and DHON07 T were 1.60-2.01, which is higher than that between closely related species of the genus with validly published names, such as D. koreensis BB4 T and D. marensis CS5-B2 T (Table S2) . These results , therefore, suggest that strains DHOB09 T , DHOC52 T and DHON07
T might represent three novel species of the genus Dyella.
The topology of the NJ trees based on the concatenated partial gyrB, lepA and recA gene sequences (Fig. 2a) and the inferred amino acid sequences (Fig. 2b) consistently showed that strains DHOB09 T , DHOC52 T and DHON07 T , together with D. jejuensis JP1 T , formed a highly supported cluster within the genus Dyella. The 16S rRNA gene sequence similarities among strains DHOB09 T , DHOC52 T , DHON07
T and the type strains of five closely related species of the genus Dyella with validly published names were below 89.4 % ( Table S3 ). The evolutionary distances of 16S rRNA gene sequence between strains DHOB09 T , DHOC52 T and DHON07
T were 11.6-13.5 (Table S3 ). The topologies of the ML and MP trees, based on concatenated house-keeping gene sequences, were similar to that of the NJ tree, hence they supported the conclusion of the taxonomic position of the three strains that had been made from 16S rRNA gene analysis (Fig. 2) .
The DNA G+C contents of strains DHOB09
T and DHON07 T were 59.4, 60.7 and 59.5 mol%, respectively, which are all in the range for members of the genus Dyella (58.2-67.0 mol%) [7, 8] . DNA-DNA hybridization rates between isolates DHOB09
T and DHON07 T , as well as DHON07
T and D. koreensis BB4 T were 25.0 % and 37.2 % respectively, values that are much lower than 70 %, the threshold for the delineation of bacterial species [24, 25] .
Based on the phylogenetic, phenotypic and chemotaxonomic results presented here, we propose that strains DHOB09 T , DHOC52 T and DHON07 T represent three novel species of the genus Dyella, for which the names Dyella caseinilytica sp. nov., Dyella flava sp. nov. and Dyella mobilis sp. nov. are proposed, with strains DHOB09 T , DHOC52
T and DHON07 T , respectively, as the type strains. 
